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Supplemental Figure 1. Study design for NHP experiments and ACE2 expression signature across human cell 53 
types based on Human Protein Atlas and the Genotype-Tissue Expression portal. (A) Study design showing the 54 
administration of virus to male and female African green monkeys (AGM) and Rhesus macaque (RM) NHPs. At the 55 
designated euthanasia points, peripheral blood and pancreatic tissue was recovered and fixed for immunostaining and 56 
histological analysis. (B) Representative H/E histological imaging of a pancreatic tissue section stained for ACE2. Insets 57 
showing ACE2 in ducts (1), Islet resident endocrine cells (2, 3: red arrows) and stellate cells (2, 3: green arrows). (C) 58 
scRNAseq expression plots showing normalized gene expression (NX) for ACE2 across all major cell types of the 59 
human body including pancreatic endocrine cells (purple arrow) and ductal cells (blue arrow). (D) Uniform Manifold 60 
approximation and projection (UMAP) plot showing scRNAseq of HPA derived pancreas data. (E) Heatmap showing 61 
relative mRNA expression across cells in (D). Data shows UMAP defined cell clusters (x-axis) and known canonical 62 
cell type specific markers (y-axis). (F) Normalized gene expression of ACE2 mRNA across clusters shown in (D). High 63 
expression levels can be seen in ductal cell types (blue arrows) and endocrine cells (purple arrows). Scale bars: 50μm. 64 
Images in B downloaded from: https://www.proteinatlas.org/ENSG00000130234-ACE2/tissue/pancreas#img, image in 65 
C downloaded from: https://www.proteinatlas.org/ENSG00000130234-ACE2/celltype, image in D-F downloaded from   66 
https://www.proteinatlas.org/ENSG00000130234-ACE2/celltype/pancreas, on 3/15/2021. Image credits (B-E): Human 67 






























Supplemental Figure 2. ACE2 and TMPRSS2 RNA co-expression across male and female human pancreas. (A) 98 
An integrated uniform multidimensional projection (UMAP) plot 143,362 single cells across 6 publicly available single 99 
cell RNA sequencing datasets colored based on the study. Each dot represents the transcriptome of a single cell. The 100 
EGAS00001004653 study is further stratified into single nuclei stemming from adults, chronic pancreatitis donors (CP) 101 
and neonatal pancreas samples (NP). (n = 16 male + 11 female donors) (B) A UMAP plot of data shown in A further 102 
classified based on pancreatic cell types. Cell clusters can be stratified into Endocrine-clusters (1-5), ductal clusters (6-103 
7), and mesenchymal clusters (8-16). (C) A UMAP plot of data shown in (A and B) further classified based on sex. (D) 104 
Violin plots showing mRNA expression of male specific Y-chromosome linked UTY and, female specific X-chromosome 105 
linked XIST mRNA, across clusters for both sexes. (E) Violin plots showing mRNA expression of male specific Y-106 
chromosome linked UTY and, female specific X-chromosome linked XIST mRNA, across datasets for both sexes. (F) 107 
Gene expression correlation analysis of all cell types, showing the percentage of cells (left to right) expressing ACE2, 108 
TMPRSS2 and ACE2/TMPRSS2 co-expression across all pancreatic cell types. Expression is shown across both males 109 
and females. In instances where only one sex shows expression a value for both sexes is not calculated or shown. (G) 110 
UMAP plots showing single cell gene expression of ACE2 and TMPRSS2 across all cells in males and females. (H) 111 
Gene expression correlation analysis of all cell types, showing the percentage of cells (left to right) expressing ACE2, 112 
TMPRSS2 and ACE2/TMPRSS2 co-expression across all pancreatic cell types, within the EGAS00001004653 - 113 
chronic pancreatitis dataset. Expression is shown across both males and females. In instances where only one sex 114 
shows expression a value for both sexes is not calculated or shown. (I) UMAP plots showing expression of TMPRSS2 115 
































































Supplemental Figure 3. Control NHPs do not show containing for SARS-CoV-2 virus. (A) Blood glucose levels of 180 
SARS-CoV-2 infected NHPs over time. NHPs treated via multi-route (solid lines) and aerosol (dashed lines) are shown. 181 
(B) Blood glucose levels of study controls. (C) Terminal blood glucose readings of SARS-CoV-2 infected and uninfected 182 
NHPs. (D) representative confocal maximum projection of a NHP pancreatic duct stained for CK19, showing no 183 
colocalization of SARS-CoV-2 Nucleoprotein. (E) Bar plot showing quantification of serum pancreatic lipase levels in 184 
























Supplemental Table 1. Donor characteristics table. Table showing the demographics of all the individual donors 209 
used in this study. Abbreviations: Years (yrs), Human Pancreatic donor (HPD), Body Mass Index (BMI), Hemoglobin 210 
A1c (HbA1c), non-fasting glucose (NFG), reverse transcriptase polymerase chain reaction (RT-PCR), Louisiana State 211 
University Health Sciences Center (LSUHSC). 212 
 213 










HPD1 Female 60 Non-Hispanic 
white 





HPD2 Female 41 Non-Hispanic 
white 





HPD3 Female 42 Non-Hispanic 
white 










HPD5 Male 42 Non-Hispanic 
white 





HPD6 Male 48 Non-Hispanic 
black 



















COVID19-3 Female 73 Non-Hispanic 
white 




COVID19-4 Female 77 Non-Hispanic 
black 




COVID19-5 Female 49 Non-Hispanic 
black 














Supplemental methods 224 
Materials availability 225 
This study did not generate new reagents. Tissues used in this study were obtained from Prodo 226 
Labs Inc, (City of Hope, LA) and from autopsies of deceased individuals with COVID-19. Donor 227 
demographics are provided (Supplemental Table 1). 228 
 229 
Study approval 230 
The Institutional Animal Care and Use Committee of Tulane University extensively reviewed and 231 
subsequently approved all the procedures for these studies. The Tulane National Primate 232 
Research Center (TNPRC) is fully accredited by the American Association for Accreditation of 233 
Laboratory Animal Care. All animals were cared for in accordance with NIH’s Guide for the Care 234 
and Use of Laboratory Animals (1). Animal studies were performed within animal biosafety level 235 
3 (ABSL3) containment in the Regional Biocontainment Laboratory at the TNPRC. The Tulane 236 
University Institutional Biosafety Committee approved the procedures for sample handling, 237 
inactivation, and removal from BSL3 containment. 238 
 239 
Control human pancreatic tissue 240 
Tissue biopsies from transplant quality human pancreatic tissue was procured from Prodo Labs. 241 
Inc. (City of Hope) from 6 human individuals, free from diabetes and testing negative for SARS-242 
CoV-2 virus via reverse transcriptase polymerase chain reaction at the time of death 243 
(Supplemental Table 1). Use of these tissues for research is approved by the Institutional Review 244 
Board at Tulane University, the United Network for Organ Sharing (UNOS) and according to 245 
federal guidelines with informed consent obtained from each donor’s legal representative. Tissue 246 
biopsies were fixed in 4% formalin and transported to Tulane University within 24 hours of fixation.  247 
 248 
 249 
Autopsy subjects and sample processing 250 
Pancreas tissue was preserved from ten individuals who tested positive for SARS-CoV-2 by 251 
reverse transcription polymerase chain reaction (RT-PCR) test within 24-48 hrs of death at the 252 
University Medical Center New Orleans (New Orleans, LA). Consent for autopsy of persons with 253 
COVID-19 was provided by next of kin, and studies within this report are deemed exempt from 254 
oversight by the institutional review board at Louisiana State University Health Sciences Center. 255 
Upon histopathological evaluation biopsy samples from 5 individuals were excluded owing to 256 
extensive autolysis rendering the biopsy tissue of these individuals inappropriate for histological 257 
and immunological analysis. 258 
 259 
Non-human primates 260 
A total of eight animals, 5 males and 3 females, consisting of 4 AGMs and 4 RMs were used in 261 
this study. Animals were exposed to virus via multi-route or aerosol, both modalities resulted in 262 
ARDS, as described previously (2). When humane or study endpoints were reached, the animals 263 
were euthanized and their pancreas recovered and divided into the tail, body and head sections 264 
and stored in fixative (Z-fix, containing 3.7-4% formaldehyde) for a minimum of 72 hours prior to  265 
histological evaluation.  266 
 267 
Viruses 268 
All animals were challenged with the first US isolate of SARS-CoV-2, 2019-nCoV/USA-WA1/2020 269 
(https://www.ncbi.nlm.nih.gov/nuccore; accession number MN985325.1) (3). Virus was prepared 270 
in Vero E6 cells and sequenced for validity. Infectivity was evaluated via plaque forming assays 271 




Single-cell RNA sequencing analysis 276 
Single cell RNAseq analysis was performed using Seurat v3.2.2.9002. Six publicly available 277 
single cell RNAseq datasets of human pancreatic islet cells (4-7), ductal cells (8), and entire 278 
pancreas cells (9) were organized with metadata (study of origin, sex, disease specific 279 
stratification) and converted and compiled into a list of Seurat objects. This atlas is composed of 280 
143,362 single cells and spans 16 male and 11 female donors. Following recommended 281 
guidelines on sample integration using reciprocal PCA (rPCA) for large datasets 282 
(https://satijalab.org/seurat/archive/v3.2/integration.html) we integrated and classified cell 283 
clusters based on transcriptional similarity to known transcriptional identities of pancreatic cell 284 
types.  285 
 286 
Data and code availability  287 
Complete computational pipeline for scRNAseq analysis is available for download as R-scripts at 288 
the FMJ lab Github as a R code repository: https://github.com/fmjlab/Pancreas_atlas_COVID19. 289 
Mapped and optimized Seurat objects (.rds file) of the human pancreas atlas are available upon 290 
request. 291 
 292 
Immunofluorescence, H&E and PSR staining and image acquisition 293 
Formalin fixed paraffin embedded tissues (FFPE) were sectioned, loaded onto charged slides, 294 
de-paraffinized, permeabilized, blocked, and stained as previously described (8, 10). Images were 295 
acquired using a Nikon A1R HD25 confocal microscope, using a pinhole setting of 1.2AU and 296 
laser intensity set at 2%. H&E and PSR staining was performed on FFPE tissues according to 297 
standard methodology at the histology core lab at Tulane University. Brightfield images were 298 
acquired using a Axiovision Z1 slide scanner at default 40x brightfield settings recommended by 299 
the manufacturer. Images were acquired and processed using Zeiss Zen 3.3 blue software. 300 
 301 
Image Processing and Quantification 302 
For analysis involving structures (ducts, islets, blood vessels) at least 20 structures for each donor 303 
were randomly selected and quantified. For all analyses in this study images were acquired at 304 
either 10x or 20x and at least 10 random sections from each slide, of each donor were selected 305 
for downstream analysis. Images were processed using Fiji image J, colocalization were 306 
calculated using Fiji image J plugins Coloc2 (11) and EzColocalization (12) plugins. Colocalization 307 
was performed by opening .Tiff files of each channel in Fiji image J and two selected fluorescent 308 
channels were selected in ‘Inputs’ tab as the ‘reporter.1 (Ch.1)’ and ‘reporter.2 (Ch.2)’ input 309 
specifier respectively. DAPI was selected as the ‘cell identification input’ and reports were aligned 310 
and verified by ‘Show Threshold’ and ‘preview’ options. We select ‘Area’ in the filters option as 311 
50-800 pixels to encompass the area of a fluorescent cell, we also select the watershed option to 312 
segment areas where 2 or more cells lie near one another. We continuously use ‘preview’ to verify 313 
the software was accurately selecting cells, after each step. Finally, in the ‘analysis’ tab we select 314 
the threshold overlap score (TOS) and the fluorescence threshold (FT) options so that only the 315 
top 10% of all pixel intensities are selected for both channels (the top 10% is recommended and 316 
in our experience accurately differentiates actual fluorescence vs. artifactual background). After 317 
this we further select the ‘Average signal’, ‘Summary’, ‘Histogram’, ‘Masks’ and ‘ROIs’ options 318 
and use the ‘Analyze’ button to output a matrix of summary metrics which contains a linear TOS 319 
value. We then copy this table in excel and calculate the total number of cells which have a linear 320 
TOS value greater than 0.25. This provides the number for cells having a co-localization. We then 321 
perform the above for only one protein channel to find the total number of cells expressing a 322 
protein (for example only INS and DAPI channels to fine Insulin expressing cells). After evaluating 323 
these sets of cells we use the formula (Protein1 and Protein2 colocalizing cells)/(Protein2 cells) 324 
to calculate the number of cells expressing a particular protein1 as a function of all cells 325 
expressing Protein2. We validated these data by selecting cells detected on random expressing 326 
a particular protein and using Fiji ImageJ’s ROI function to select cells and use the Coloc2 plugin, 327 
to select each channel and view the results of the ‘Manders’ Correlation’, ‘Spearman Rank 328 
Correlation’, ‘2D intensity Histogram’ and ‘Costes’ Significance Test’ which generates a 329 
scatterplot and colocalization metrics. If cells had a Costes Probability value (P-Value) of >0.8 330 
then cells were termed to have correctly been identified for colocalization by the plugin 331 
EzColocalization. It is advised to use computationally tenacious hardware to enable optimal image 332 
quantification analysis. Our system configuration was the following: Intel core i9-9900 CPU, 64 333 
GB DDR3 RAM, Nvidia Quadro P1000 GPU, Windows 10 Enterprise 64 bit. Fiji Image J was 334 
manually configured to utilize 16 threads and 60 GB (decimal units). Total clot area was calculated 335 
manually using the freehand ROI tool in Fiji image J and then area was calculated using the 336 
measure feature. Total PSR regions were calculated using custom designed macros as described 337 
previously (13).  338 
 339 
Transmission Electron Microscopy    340 
For ultrastructural analyses, tissue sections were deparaffinized in three changes of xylene 341 
followed by rehydration in a graded series of ethanol.  The tissue samples were then refixed in 342 
2% paraformaldehyde/2.5% glutaraldehyde (Ted Pella Inc.) in 100 mM sodium cacodylate buffer, 343 
pH 7.2 for 2 hr at room temperature.  Samples were washed in sodium cacodylate buffer and 344 
postfixed in 1% osmium tetroxide (Polysciences Inc.) for 1 hr.  Samples were then rinsed 345 
extensively in dH20 prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc., 346 
Redding, CA) for 1 hr.  Following several rinses in dH20, samples were dehydrated in a graded 347 
series of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.).  Sections of 95 nm were 348 
cut with a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), stained 349 
with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX transmission electron 350 
microscope (JEOL USA Inc., Peabody, MA) equipped with an AMT 8 megapixel digital camera 351 
and AMT Image Capture Engine V602 software (Advanced Microscopy Techniques, Woburn, 352 
MA).  353 
Pancreatic Lipase measurements using ELISA 354 
Serum samples from infected NHPs were thawed on ice and subjected to ELISAs for quantitative 355 
measurements of serum pancreatic amylase and lipase based on the manufacturer’s 356 
recommendations. Samples were then corelated to a standard curve and quantified. 357 
 358 
Data plotting and graphing 359 
For plotting data into box plots, GraphPad Prism v9 and v8 was utilized. All other graphing and 360 
analysis were performed using custom designed scripts in R and the integrated graphics functions 361 
[ggplot2] and [RShiny]. 362 
 363 
Statistical analysis  364 
Following the Shapiro-Wilk normality test, statistical differences between groups were tested 365 
using a one-way ANOVA with a Tukey’s post-hoc test across multiple groups, or for single 366 
comparisons between two groups an unpaired two-tailed t-test was used, with confidence 367 












Supplemental Table 2: Reagents and equipment. 380 
Reagent/Resource Source ID 
Antibodies 
FLEX Polyclonal Guinea Pig Anti-Insulin, Ready to-Use antibody 
(1:10) 
Dako/ Agilent Cat# IR00261-2 
Anti-Glucagon-Mouse Polyclonal (1:100) R&D Systems Cat# MAB1249 
Anti-KRT19-Mouse Polyclonal (1:50) Dako/ Agilent Cat# M0888 
Anti-KRT19-Rabbit Polyclonal (1:50) Abcam Cat# ab15463-1 
Anti-CD31-Mouse Monoclonal (1:100) BD Biosciences Cat# 550389 
Anti-CD31-Mouse Monoclonal (1:50) Novus Biologicals Cat# NBP2-44342 
Anti-ACE2-Goat Polyclonal (1:50) R&D Systems Cat# AF933 
Anti-SARS-CoV2-Nucleocapsid Protein-Rabbit Polyclonal (1:100) Novus Biologicals Cat# NB100-56576 
Anti-ICAM1-Sheep Polyclonal (1:100) R&D Systems Cat# AF720 
Anti-CD45-Sheep Polyclonal (1:50) R&D Systems Cat# MAB1430 
Alexa Fluor® 594 AffiniPure Donkey AntiGuinea Pig IgG (H+L) 
(1:400) 
Jackson Immuno Research 
laboratories, Inc. 
Cat# 706-585-148 
Alexa Fluor® 647 AffiniPure Donkey AntiGuinea Pig IgG (H+L) 
(1:400) 
Jackson Immuno Research 
laboratories, Inc. 
Cat# 706-605-148 
Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary 
Antibody, Alexa Fluor 594 (1:400) 
ThermoFisher Scientific Cat# A32754  
Donkey anti-Mouse IgG (H+L) Highly CrossAdsorbed Secondary 
Antibody, Alexa Fluor 594 (1:400) 
ThermoFisher Scientific Cat# A32744  
Donkey anti-Goat IgG (H+L) Highly CrossAdsorbed Secondary 
Antibody, Alexa Fluor 488 (1:400) 
ThermoFisher Scientific Cat# A32814 
Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary 
Antibody, Alexa Fluor 488 (1:400) 
ThermoFisher Scientific Cat# A32790 
Donkey anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor 488 
(1:400) 
ThermoFisher Scientific Cat# A21202 
Bacterial and virus strains  





Human Pancreas Tissue Biopsy (control) Prodo Labs, Aliso Viejo, CA https://prodolabs.com/  
Non-human Primate Pancreas Tissue Sections (infected and 
control) 
Tulane National Primate 
Research Center 
https://tnprc.tulane.edu/  
Human Pancreas Tissue Biopsy (infected) Louisianna State University 




Chemicals, peptides, and recombinant proteins 
DPBS Thermofisher Scientific Cat# 21600010 
Antigen Decloaker, 10X BioCare Medical Cat # CB910M 
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) Thermofisher Scientific Cat# 1306 
Glutaraldehyde 25% EM grade Ted Pella, Inc Cat# 18426 
Paraformaldehyde 16% Ted Pella, Inc Cat# 18505 
Osmium Tetroxide 4% Polysciences Inc. Cat# 0972A 
Uranyl Acetate Ted Pella, Inc Cat# 19481 
Eponate 12 Resin Kit Ted Pella, Inc Cat# 18012 
Antigen Decloaker, 10X BioCare Medical Cat # CB910M 
Protein Block, Serum-Free Dako/ Agilent Cat # X090930-2 
ImmEdge Pen Vector Laboratories Cat# H-4000 
Normal Donkey Serum Jackson Immuno Research 
laboratories, Inc. 
Cat# 017-000-121  
ProLong™ Diamond Antifade Mountant ThermoFisher Scientific Cat# P36965 
Critical commercial assays 
Monkey Pancreatic Lipase ELISA Kit; 96-Strip-Wells MYBIOSOURCE LLC MBS006740 
Monkey Amylase Alpha 2, Pancreatic ELISA Kit; 96-Strip-Wells MYBIOSOURCE LLC MBS750403 
Vector® TrueVIEW® Autofluorescence Quenching Kit Vector Laboratories SP-8400-15 
Deposited data 





Single nucleus and in situ RNA sequencing reveals cell 






Single-cell RNA-seq analysis of human pancreas from healthy 
individuals and type 2 diabetes patients (E-MTAB-5061) 
EMBL-EBI Array Express https://www.ebi.ac.uk/arra
yexpress/experiments/E-
MTAB-5061/  
High-resolution single cell RNAseq of ALK3-expressing human 
pancreatic ductal cells (GSE131886) 
 
Gene Expression Omnibus https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc
=GSE131886  
A single-cell transcriptomic map of the human and mouse pancreas 
reveals inter- and intra-cell population structure (GSE84133) 
Gene Expression Omnibus https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc
=GSE84133  
A single-cell transcriptome atlas of the human pancreas [CEL-seq2] 
(GSE85241) 
Gene Expression Omnibus https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc
=GSE85241  
Single cell transcriptomics defines human islet cell signatures and 
reveals cell-type-specific expression changes in type 2 diabetes 
[single cell] (GSE86469) 
Gene Expression Omnibus https://www.ncbi.nlm.nih.g
ov/geo/query/acc.cgi?acc
=GSE86469  
Experimental models: Organisms/strains 
Non-Human Primate African Green (Chlorocebus sabaeus) Tulane National Primate 
Research Center 
https://tnprc.tulane.edu/  
Non-Human Primate Rhesus macaque (Macaca mulatta) Tulane National Primate 
Research Center 
https://tnprc.tulane.edu/  
Software and algorithms 
R v4.0.2 (64x bit, for Windows) The R Consortium https://cran.r-
project.org/bin/windows/b
ase/old/4.0.2/  
RStudio v1.2.1335 (64x bit, for Windows) The R Consortium https://www.rstudio.com/p
roducts/rstudio/  
GraphPad Prism v9.1.0.221 GraphPad https://www.graphpad.co
m/scientific-
software/prism/  





Seurat v3.2.2.9002 and v4.0.1 The Satija Lab NYU Center for 
Genomics and Systems 
Biology (15, 16) 
https://satijalab.org/seurat
/  
Fiji ImageJ Dev: Schindelin , Eliceiri/LOCI, 
Tomancak, Jag, Saalfeld and 
other labs worldwide (11) 
https://imagej.net/Fiji  
Coloc2 Dev: Schindelin, White and 
Kazimiers Labs (11)  
https://imagej.net/Coloc_2  
EzColocalization The Lim Lab (12) https://github.com/DrHanL
im/EzColocalization  









AMT Image Capture Engine V602 software AMT https://amtimaging.com/ 
CentOS 6.5 (64x bit, for Windows) Linux https://wiki.centos.org/Do
wnload  
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